On-demand local release of biomolecules enables fine-tuned stimulation for the next generation of neuromodulation therapies. Such chemical stimulation is achievable using iontronic devices based on microfabricated, highly-selective ion exchange membranes (IEMs). Current limitations in processability and performance of thin film IEMs hamper future developments of this technology. Here we address this limitation by developing a cationic IEM with excellent processability and ionic selectivity: poly(4-styrenesulfonic acid-co-maleic acid) (PSS-co-MA) crosslinked with polyethylene glycol (PEG). This enables new design opportunities and provides enhanced compatibility with in vitro cell studies. PSSA-co-MA/PEG is shown to out-perform the cation selectivity of the previously used iontronic material.
electrons, as the charged signal carrier. 7 This performance is based on electrophoretic transport of charged biomolecules through microfabricated polyelectrolyte channels with ion exchange membrane (IEM) properties. These channels allow selective electrophoresis of cations or anions, depending on the sign of the fixed charges of the polyelectrolyte; a cation exchange membrane (CEM) includes fixed negative charges, and selectively transports cations, and vice versa for an anion exchange membrane (AEM).
Iontronic devices can control ion fluxes, for example; the organic electronic ion pump (OEIP) transduces electronic control signals into local release of precise doses of chemical compounds. 5 The OEIP has shown great potential in a variety of applications, including cell-resolution drug delivery 8 , nerve-injury induced pain 6 , suppression of epileptiform activity 9 and even regulation of plant physiology via hormone delivery 10 . Iontronics has also expanded to include more complex and non-linear devices, such as ion bipolar membrane diodes (IBMD) 11, 12 and ion bipolar junction transistors (IBJT) 13, 14 . These devices can be used to build chemical delivery circuits, exemplified by an ion diode bridge 15 , logics gates 16 , and addressable chemical delivery arrays 17 .
Initially, the CEM channel of the OEIPs was based on the commercially available conducting polymer poly(3,4-ethylenedioxythiophene) (PEDOT) blended with the charge-compensating polyanion polystyrene sulfonate (PSS) and pre-coated on polyethylene terephthalate (PET) sheets (Agfa Orgacon TM ). In those PEDOT:PSS-based devices, the PSS phase provide CEM and the resulting devices have successfully been used to transport various alkali ion and charged neurotransmitters. As an alternative to PEDOT:PSS, poly(4-styrenesulfonic acid-co-maleic acid) PSS-co-MA, a CEM widely used in proton exchange membranes for fuel cell applications 18 , has recently been included in wound-healing applications 19 and iontronic devices 9, 17 . Maleic-acid-containing co-polymers can be crosslinked by polymers displaying alcohols such as polyethylene glycol (PEG), by the formation of ester bonds 20 (Figure 1a ). Like the complementary AEMs found in IBMDs and IBJTs 12, 14 , PSS-co-MA/PEG is processed from solution by spin coating, which makes fabrication more flexible.
Here, we report a detailed study of PSS-co-MA/PEG by investigating its suitability as the active material in microfabricated iontronic devices. This study includes fabrication of OEIPs on glass and plastic substrates using standard thin film processing protocols. We demonstrate the resulting devices' improved optical characteristics for use in in vitro microscopy cell studies.
Fundamental ion transport characteristics such as cation selectivity are investigated and compared with previously used PEDOT:PSS-based CEMs.
First, to evaluate the photolithography compatibility of PSS-co-MA/PEG-based devices, square-shaped test patterns and a multi-outlet OEIP were fabricated on glass. The substrate was first treated with an adhesion promoter 3-glycidoxypropyltrimethoxysilane (GOPS). After deposition and cross-linking, the material does not delaminate, dissolve, swell extensively, or crack during immersion in developer, deionized water, and organic solvents such as acetone and isopropanol.
To visualize the utility of PSS-co-MA/PEG for in vitro experiments on cells (i.e., microscopy), human umbilical vein endothelial cells were seeded and cultured on autoclaved and poly-llysine-treated OEIP devices ( Figure 2 ). The same cell culture procedure was also performed on dry-etched Orgacon TM foil (PET substrate) for comparison. We find that PSSA-co-MA/PEG on glass can offer a significantly better platform of in vitro/microscopy experiments as compared to Orgacon TM due to the comparatively fewer visible defects on the glass substrate than the flexible plastic substrates. Furthermore, PSSA-co-MA has been considered non-toxic while crosslinked with polyvinyl alcohol (PVA) 19 and PEG is widely used as a biocompatible polymer 21 . Although this is promising, the biocompability of PSSA-co-MA/PEG should be further investigated prior to future in vitro or in vivo studies.
The selectivity of the IEM for either cations or anions is of utmost importance for proper iontronic device function, and is dictated by the concentration of fixed charges in the IEM relative to the concentration of the adjacent electrolytes. 22 Selectivity can be quantified using the transport number of the ion intended for transport, defined by the fraction of the current carried by that ion (t+ for the cationic transport number and t-for the anionic transport number). The transport number can thus take values between zero and one (t+ = 1 for an ideal CEM).
To evaluate the transport number of PSS-co-MA/PEG, simple OEIPs including two electrolytes ("source" and "target") separated by CEM channel(s) were fabricated ( Figure 1b ).
The source electrolyte functions as a reservoir containing the ions intended for transport, whereas the target electrolyte contains the system to which ions are to be delivered. To induce electrophoretic transport of cations, positive electrical potential was applied to the source side, relative to the target side, using Ag/AgCl electrodes. The ion channel was encapsulated by the hydrophobic photoresist SU-8, which also served as a barrier and gasket compartments, defining the size of the source and target electrolytes. A low-resistance version ( Figure 1c ) was used to measure membrane potential to reduce equilibration time and noise, while another version ( Figure 1d ) closer to general iontronic device design, was used for all other characterizations.
Detailed description of all transport characterizations methods can be found in the Supporting Information.
The total ionic current through an IEM is the sum of the cationic and the anionic currents [23] [24] [25] .
For a perfectly cation-permselective CEM, the concentration of mobile anions within the 6 membrane is zero, and all current is carried by cations. Thus, the conductivity should be dependent on the diffusion coefficient of the cation (in the source) and the properties of the anion in the target should ideally not affect the conductivity. 26 A first estimation of the selectivity of a IEM can thus be obtained by observing the change in conductivity for different cation/anion pairs in the source/target electrolyte of an OEIP, and compare how they scale with diffusion coefficients in infinite solution 27 . For PSS-co-MA/PEG, the resulting conductivites increased with increased diffusion coefficients in the order K + >Na + >Li + for source ions (Figure 3a) , but showed less dependence on the diffusion coefficients of the target anion where Cl ->ClO4 ->OAc - (Figure 3b ), suggesting cations are preferentially transported through the CEM ion channel.
Similar results were obtained for OEIPs based on the previously used CEM ion channel material, i.e. over-oxidized Orgacon TM (Figure 3a and b) . It should be noted that this method does not account for changes in diffusion coefficent due to, e.g., morphology of the membrane or counterion binding affinity 23, 28, 29 . Also, the resistance of the ion channel in OEIPs tends to drift during protracted measurements. To investigate whether OEIP devices based on PSS-co-MA/PEG could also transport larger biologically relevant substances, Ca 2+ , acetylcholine (ACh + ), carbachol (C + ), and gamma-aminobutyric acid (GABA) were tested. The biomolecules were all successfully transported with the following conductivities (at the following concentrations): Ca 2+ 6.4 mS cm -1 (0.1 M); GABA: 4.5 mS cm -1 (0.1 M); ACh + 5.3 mS cm -1 (0.1 M); and C + ; 3.9 mS cm -1 (0.01 M).
Next, we estimated the transport number by measuring the membrane potential, also known as the EMF-method 30-32 (electromotive force). Here, electrolytes of different concentrations were placed on each side of the IEM and the membrane potential was measured. Higher concentration of fixed charges in the IEM, relative to the electrolyte concentration, will result in a more pronounced effect of counter-ion inclusion and co-ion exclusion, which is reflected in the magnitude of the Donnan potential. By using KCl electrolytes and Ag/AgCl/KCl (saturated in water) electrodes, the over-all membrane potential is practically reduced to the two Donnan potentials at the IEM-electrolyte interfaces and the membrane potential (E) is related to the apparent cation transport number, t+(app), by:
where R is the universal gas constant (8.3144 J mol −1 K −1 ), T is the temperature in Kelvin, F Faraday's constant (96485 C mol -1 ), and ℎ ℎ and the electrolyte concentrations on the high and low concentration side. 30 The transport number obtained by this method is commonly referred to as the apparent transport number (t+(app) and t-(app)). This method lacks correction for water transport, that occurs in the direction of the major charge carriers and thereby increases their flux, which typically underestimates the actual transport number. 30 KCl electrolytes with a concentration difference of a factor of two were used. Measured E and calculated t+(app) for PSSco-MA/PEG-based and Orgacon TM -based OEIPs were plotted as a function of the mean concentration of the two electrolytes ( Figure 3c ). The two materials perform similarly at low electrolyte concentration (<0.2 M), including physiological salt concentrations. However, it appears that PSS-co-MA/PEG exhibits relatively higher selectivity for cations at increased concentrations. This is of importance, since the concentration in the vicinity of the channel increases as current passes through the channel, a phenomenon known as concentration polarization, which can lead to altered ion transport numbers. 22 For concentrations below 0.1 M, the membrane potential measurements were unstable and sensitive to noise.
Finally, we measured the transport number of the neurotransmitter acetylcholine (ACh + )
in PSS-co-MA/PEG using an adapted version of the Hittorf method 24 . This method involves the 8 direct measurement of changes in ion concentrations due to the passage of ionic currents. We have previously used this method to analyze the transport number of e.g. Glu, Asp and GABA via quantitative HPLC analysis 5 , GABA with mass spectrometry 6 and, as here, ACh + using an enzymatic-reaction kit 8 . In brief, AChCl was used as the source electrolyte, and different amounts of charge were run through the circuit. The target electrolyte was then collected, and the resulting ACh + concentration was measured. By comparing the expected number of transported ACh + (from the measured electronic charge) with the measured amount, the transport number was estimated. Using this method, we estimated the transport number of ACh + to be 0.84 with a ±6% s.d. (Figure 3d ).
In conclusion, the stability during processing and sterilization, the ability to utilize standard thin-film processing protocols on glass, successful cell culturing and imaging, good conductivity for several biomolecules and high a cation selectivity over desired concentration in combination makes PSS-co-MA/PEG a suitable candidate to for future iontronic applications.
Reliable techniques for evaluating selectivity of new iontronic materials are essential for the development of new iontronic and bioelectronics delivery devices. By using the three complementary techniques suggested above, a strong statement of a material's selectivity can be established. Traditionally, these methods are performed using vertical architectures with freestanding membranes. Lateral evaluation, as executed here, is preferred for applications and/or materials that need support substrates and where ion transport occurs laterally. PSS-co-MA/PEG's solution processability provides several degrees of freedom regarding the design of new, sophisticated iontronic devices. 17 The material can be patterned on a wide range of substrates and can also be included in between any layer of the targeted device architectures. In some cases, an adhesion promoter may be required for good processability and to avoid leakage 9 currents 33 that reduce or prevent ion selectivity. In addition, covalent bonding between the CEM and the substrate and/or encapsulation material 34 can also be considered for future devices. We also foresee that techniques such as dip coating or printing can be used to manufacture for instance pipette-like versions of the OEIP 6 . Furthermore, the thickness and the degree of crosslinking can also be tailored for a specific compound. Varying the thickness allows tuning of the resistance, resulting in increased geometric freedom when designing iontronic resistor networks.
Varying the amount of cross-linking could be used to tune the swelling of the material. Also, the composition of the material (PSS:MA:PEG ratio) could allow for a precise tuning of the selectivity. This is valuable, for example, in developing bipolar membrane diodes for delivery of biomolecules 17 , as it allows the construction of selective diodes, leading to better control of the delivered amount. 
